Abstract: Hybrid free-space optical (FSO)/radio-frequency (RF) systems have emerged as a promising solution for high-data-rate wireless backhaul. We present and analyze a switching-based transmission scheme for the hybrid FSO/RF system. Specifically, either the FSO or RF link will be active at a certain time instance, with the FSO link enjoying a higher priority. We considered both a single-threshold case and a dual-threshold case for FSO link operation. Analytical expressions have been obtained for the outage probability, average bit error rate, and ergodic capacity for the resulting system. Numerical examples are presented to compare the performance of the hybrid scheme with the FSO-only scenario.
Introduction
Free space optical (FSO) communication and millimeter wavelength (MMW) radio frequency (RF) communication have emerged as effective solutions for high data rate wireless transmission over short distances. These systems operate over unlicensed (free) optical and 60 GHz frequencies and can work up to a few kilometers [1] , [2] . They can help address the continuous demand for higher data rate transmission in presence of the growing scarcity of RF spectrum. Meanwhile, the FSO channel and MMW RF channel exhibit complementary characteristics to atmospheric and weather effects. In particular, FSO link performance degrades significantly due to fog, but is not sensitive to rain [3] , [4] . Contrarily, 60 GHz RF is very sensitive to rain but is quite indifferent to fog. Thus, FSO and RF transmission systems are good candidates for joint deployment to provide reliable high data rate wireless back haul.
Most previous work on hybrid FSO/RF systems focus on the joint design of coding schemes for FSO and RF links which achieves soft-switching between two links [5] - [8] . Specifically, [5] uses hybrid channel codes in a hybrid FSO/RF system. A rateless coded automatic repeatrequest (ARQ) scheme for hybrid FSO/RF systems has been proposed in [6] . Reference [7] proposes a bit-interleaved coded modulation scheme for such hybrid systems. The use of shortlength raptor codes has been proposed by [8] . The link availability of hybrid FSO/RF was investigated in [9] from information theory perspective. On another front, [10] introduces diversity combining to parallel FSO and RF channels, while assuming both link transmit identical information simultaneously. The performance of a similar hybrid FSO/RF system with non-Gaussian noise has been analyzed in [11] . These hard-switching schemes typically lead to some rate loss compared to soft-switching schemes. Meanwhile, both classes of transmission schemes above require the FSO and RF links to be active continuously, even when experiencing poor quality, which will lead to wasted transmission power and generate unnecessary interference to the environment.
In this work, we consider a low-complexity hard-switching scheme for hybrid FSO/RF transmission, which will transmit data using either the FSO link or the MMW RF link. The FSO link will be used as long as its link quality is above a certain threshold. When the FSO link becomes unacceptable, the system will resort to the RF link. Using only a single link at a time will result in lower power consumption at the transmitter, and will not require the use of combining or multiplexing operation at the receiver. In fact, such implementation are widely adopted in commercially available hybrid FSO/RF products, like fSONA and MRV products [12] . To the best of our knowledge, a detailed analysis of such a hard-switching based hybrid FSO/RF system is not available in literature. In this paper, we analyze the performance of such a low-complexity transmission scheme for hybrid FSO/RF systems. We derive closed-form analytical expressions for the outage probability, the average bit error rate (BER), and the ergodic capacity for the hybrid system under practical fading channel models. In addition to the single FSO threshold implementation, we consider the dual FSO threshold implementation, which can avoid the frequent on/off transitions of the FSO link [13] . Specifically, exact expressions have been obtained for the outage probabilities and BERs of both FSO and RF links, and capacity for the RF link. An approximate expression has been obtained for the capacity of the FSO link. These expressions are then applied to obtain analytical expressions for the same metrics for the overall system. Numerical results show that the hybrid FSO/RF scheme achieves better reliability and performance than conventional FSO only system. Using dual FSO threshold will not significantly degrade system performance, while having the potential to extend FSO link life time.
The rest of this paper is organized as follows. In Section 2, we introduce the system and channel model. The performance of the hybrid FSO/RF system with single FSO threshold and dual FSO threshold are analyzed in Sections 3 and 4, respectively. The paper is finally concluded in Section 5.
System and Channel Model
We consider a hybrid FSO/RF system, where the FSO link works in parallel with an RF link as shown in Fig. 1 . To keep the receiver implementation simple, the transmission occurs only on one of the links at a time. Due to generally higher data rates available, FSO will be given a higher priority and will be used for transmission whenever its link quality is acceptable. The FSO link adopts intensity modulation and direct detection (IM/DD), together with quadrature modulation scheme [10] , [14] , [15] . Specifically, the information is first modulated using a quadrature modulation scheme. The modulated electrical signal is then directly modulated on the transmitter's laser intensity. To avoid any clipping while modulating on to the laser intensity, a DC bias must be added to the modulated electrical signal to ensure that the value of the signal is non-negative. Hence, the intensity of the transmitted optical signal can be written as [10] Iðt Þ ¼ P T 1 þ xðtÞ ð Þ
where P T is the average transmitted optical power, is the modulation index (0 G G 1) which is introduced to eliminate over-modulation induced clipping, and x ðt Þ is the quadrature modulated electrical signal. At the receiver end of the FSO sub-system, the incident optical power on the photodetector is converted into an electrical signal through direct detection. After the DC bias is filtered out, the electrical signal is demodulated to obtain the discrete-time equivalent baseband signal, given by
where is a constant depending on the average transmitted optical power P T , the receiver's optical-to-electrical conversion efficiency, and the modulation index [10] , g represents the average gain of the FSO link, h is the turbulence-induced random fading channel gain with E ½h ¼ 1, x ½k represents the complex baseband information symbol over the k th symbol period with average electrical symbol energy E s , and n½k is the zero mean circularly symmetric complex Gaussian noise component with E fn½k n Ã ½k g ¼ 2 n . Based on the above equation, the instantaneous electrical SNR at the output of the FSO receiver, denoted by FSO , can be shown to be equal to
For analytical tractability, we adopt log-normal fading model for turbulence induced fading [13] , [16] - [19] , which is valid particularly for light atmospheric turbulence condition, while assuming that there are no pointing errors associated with the laser beam. Specifically, the fading coefficient h has the probability density function (PDF)
where x and x represent the mean and variance of the log-amplitude fading respectively [13] , [17] - [19] . It has been shown that the condition E ½h ¼ 1 implies
. Based on (3) and (4), the instantaneous SNR of the FSO link can be shown to have the following PDF
where " FSO is the average electrical SNR, which is, as shown in the appendix, given by
For the RF link, we assume the Nakagami-m fading model where the received SNR has the PDF
where " RF is the average SNR, m is a parameter indicating fading severity, and À½: is the standard Gamma function.
Switched FSO/RF Transmission With Single FSO Threshold
In this scenario, the FSO link will be used if the instantaneous SNR of the FSO channel is above a threshold FSO th . If the SNR of the FSO link is below FSO th , then the system will check the RF link; if the RF link SNR is above a threshold RF th , the RF link will be used for transmission. If the SNRs of both links are below their respective thresholds, an outage will be declared. In the following, we calculate the outage probability, the average BER during the non-outage period of time, and the ergodic capacity for this implementation scenario.
Outage Probability
The outage probability can be calculated based on the above mode of operation as
where P FSO ð:Þ is the cumulative distribution function (CDF) of the FSO link SNR, given by
Þ is the CDF of the RF link SNR, given by
erfcð:Þ denotes the complementary error function, and ½:; : is the lower incomplete Gamma function. Fig. 2 shows the variation of the outage probability with the average SNR of the FSO link, for a fixed value of cases. As can be seen, using the hybrid system improves the outage performance of the system, particularly when a high quality RF link is used. Even with a low quality RF link, some improvement can be observed. The simulation results included validate our analytical results.
Average Bit Error Rate
For the purpose of the average BER calculation, we will assume that the data is modulated using M-PSK, and then transmitted through the FSO link or the RF link. We will assume that both the FSO and RF links operate at the same data rate. The generalization to different rate case and other modulation schemes is straightforward. The BER for M-PSK with Gray code, as a function of the instantaneous SNR is given by [ 
out (12) where P ð1Þ out was given in (8), P FSO was given in (9), and B FSO ð:Þ and B RF ð:Þ are defined as
and
respectively. Substituting (11) into (13), and applying the series expansion of the complementary error function, we get
After some manipulation, and using the change of variable ffiffiffiffiffi ffi 32
It can be shown, with the application of the definition of erfcð:Þ function, that the above expression finally simplifies to
2 x Â erfc ð th Þ À ðj þ 0:5Þ
For the RF link, substituting (7) and (11) into (14), we get
À½m e
For integer values of m, the above integral becomes [22] 
which, after the substitution of the limits, simplifies to
Fig . 3 shows the variation of the average BER against the average SNR of the FSO link, for a fixed value of FSO th and RF th . As seen in the figure, when using a low quality RF link, the BER performance deteriorates slightly. This is expected because now, instead of turning the transmission off, a weak channel is being used for transmission which affects the average BER. With a high quality RF link, considerable improvement is seen, especially over low FSO SNR region. In fact, as the average SNR of the FSO link improves, the BER performance of the overall system slightly deteriorates first. This is because at a very low value of " FSO , the high-quality RF link is being used frequently. As " FSO becomes larger, the weak FSO link is used more often, which increases the average BER. When " FSO increases further, the FSO link becomes better and the BER performance of the system again improves. The simulation results have also been included which are found to conform to the analytical results.
Ergodic Capacity
The ergodic capacity of the hybrid FSO/RF system for the single FSO threshold case under consideration can be computed as
where C FSO ð FSO th Þ and C RF ð RF th Þ are the capacities of the FSO and RF link, respectively, when they are active, and are given by
respectively, W FSO is the bandwidth of the FSO link, and W RF is the bandwidth of the RF link.
Substituting (5) into (21), we have
After applying the high SNR approximation lnðÞ % lnð1 þ Þ, and then using the replacement
ffiffiffiffiffi ffi 32 p x , the above expression becomes
where ð th Þ is defined in (16) . Carrying out integration, it can be shown that the above expression simplifies to
For the RF link, substituting (7) into (22), we have
After using the replacement y ¼ 1 þ , and performing binomial expansion and some manipulation, we arrive at Finally, we can obtain the closed-form expression for C RF ð:Þ as
where
where Eið:Þ is the exponential integral, and Àð:; :Þ is the upper incomplete Gamma function. Fig. 4 shows the variation of the ergodic capacity against the average SNR of the FSO link, for a fixed value of FSO th and RF th . It is evident that using the hybrid scheme improves the capacity of overall system, particularly at lower SNRs. In fact, when the RF link quality is high, the capacity over low " FSO range is slightly higher than median " FSO range, as the system benefits from the frequent switching to the RF link over low " FSO range. In order to show the variation of normalized capacity, we have assumed W FSO ¼ W RF . Since the calculation of the capacity for the FSO link involved an approximation, the analytical results provide a lower bound on the capacity, as validated by simulation results. At high SNR values, the approximation becomes more accurate, as is evident from the graph.
Switched FSO/RF Transmission With Dual FSO Threshold
A practically useful variation on the scheme considered in previous section is the use of two thresholds for the FSO link to reduce frequent on/off transitions of the FSO link [13] . This is important in order to extend the life time of the FSO communication link. In this scenario, the FSO link continues operation until the SNR of the FSO link falls below FSO th;l , in which case it will turn off. The FSO link will only turn back on when the SNR reaches above As in single threshold scenario, the RF link will be used for data transmission only if its SNR is To facilitate the understanding of the following analysis, we further elucidate the operation modes of hybrid FSO/RF system with dual FSO threshold using Fig. 6 . The SNR thresholds In region 1, since the FSO link SNR is above the upper threshold, FSO will be used for transmission. In region 2, the on/off status of the FSO link depends on the last state of the FSO SNR, i.e., whether it was above FSO th;u or below FSO th;l . Both FSO link and RF link may be used for transmission. In region 3, the chances of FSO link being on or off are same as that in region 2, but the RF link is off in this region. Thus, either FSO link is being used for transmission or an outage is declared. In region 4, FSO link is certainly off, while the RF link is on, and hence the RF link will be used for transmission. In region 5, both the links are off and an outage is declared. 
Outage Probability
where P RF ð:Þ is given by (10) . FSO , minor improvement is seen for the dual FSO threshold case, which may be attributed to the fact that with high " FSO , most of the operation in region 2 of Fig. 6 is preceded by operation in region 1, which means that the FSO link will be transmitting for a greater amount of time.
Average Bit Error Rate
Based on the mode of operation of the hybrid system with dual FSO threshold, the average BER of the system can be calculated as 
where B FSO ð:Þ and B RF ð:Þ are defined in (13) and (14), respectively. The first addition term in the bracket corresponds to the operation in region 1 of Fig. 6 , the second term in regions 2 and 4 when FSO link is off, and the third term in regions 2 and 3 if FSO link is on. Fig. 8 shows the variation of the average BER against the average SNR of the FSO link, for fixed values of RF th and " RF . Again, there is very little difference between single FSO threshold and dual FSO threshold cases, in terms of BER performance. Some minor increase in the average BER is seen at high values of " FSO , which may be understood with a similar argument as follows. Specifically, with dual FSO threshold and high " FSO , the FSO link is on for some extra time when SNR is between the lower and upper FSO thresholds, instead of it using a betterquality RF link. This results in some increase in the average BER. Slightly improved performance is also seen at very low values of " FSO , which can be explained with the following argument. Now most of the operation in regions 2 and 3 of Fig. 6 is preceded by operation in regions 4 and 5, respectively. As such, the FSO link is mostly off in these regions, resulting in either shifting to a better quality RF link (region 2), or an outage being declared (region 3), both of which lead to an improved average BER. Based on similar reasoning for BER analysis, the capacity of the hybrid system for dual FSO threshold case is given by where C FSO ð:Þ and C RF ð:Þ are defined in (21) and (22) respectively. Specifically, the first addition term in the above expression corresponds to the operation in region 1 of Fig. 6 , the second term in region 2 and 4 when FSO link is off, and the third term in region 2 and 3 if FSO link is on. Fig. 9 shows the variation of the ergodic capacity against the average SNR of the FSO link, for fixed values of RF th and " RF . The capacity performance of dual FSO threshold case is essentially the same as that of single FSO threshold case. Minor deterioration at high values of " FSO , and minor improvement at low values of " FSO are observed, similar to the average BER performance. Specifically, with high " FSO , FSO link is on more often when the system operates in region 2 of Fig. 6 instead of shifting to a better quality RF link, which results in certain capacity reduction. Similarly, with low " FSO , FSO link is mostly off, and the system switches to a better quality RF link when operating in region 2, which increases the capacity.
Conclusion
In this paper, we analyzed the performance of a switching based hybrid FSO/RF scheme. Both single FSO threshold and dual FSO threshold cases are considered. For both cases, we evaluated their outage probability, average BER for the non-outage period of time, and ergodic capacity over practical fading channels. The expressions for the above metrics for the hybrid schemes were obtained in terms of the corresponding expressions for FSO and RF links. Exact expressions have been obtained for the outage probability and BER for both FSO and RF links and capacity of the RF link. Approximate expression has been obtained for the capacity of the FSO link. Numerical results show that considerable performance improvement can be obtained when using a hybrid scheme. Dual FSO threshold achieves a similar level of performance as single FSO threshold, while increasing the life time of the FSO communication link. 
